A technique for monitoring the gyrotron output window surface temperature with an i n f r a r e d camera while the gyrotron is i n operation has been developed. The IR camera views t h e window through a perforated waveguide wall, and serves both as a guide for the safe operation at high average power of the tube, as well as an aid i n t h e a n a l y s A comparison w i t h computer calculations i s a l s o p r e s e n t e d .
INTRODUCTION
Windows f o r t h e t r a n s m i s s i o n of high average power microwave and m i l l i m e t e r wave t u b e s s u c h a s t h e g y r o t r o n a r e a key l i m i t a t i o n i n p r a c t i c a l t u b e development. Thermal stresses can be c a l c u l a t e d by computer modeling, b u t a number of c o n d i t i o n s a r e often asssumed, such as the power d e n s i t y p r o f i l e , t h e e l e c t r o m a g n e t i c wave a t t e n u a t i o n c o n s t a n t of t h e window m a t e r i a l . t h e h e a t t r a n s f e r c o e f f i c i e n t a t t h e window and load matching. Uncertainties w i t h overmoded waveguide, ghost modes, cooling f l u i d p r o f i l e s , e t c . r e d u c e t h e a c c u r a c y o f t h e c a l c u l a t i o n s . To determine the actual window c o n d i t i o n s , a t e c h n i q u e f o r m o n i t o r i n g t h e t e m p e r a t u r e d i s t r i b u t i o n o v e r t h e window s u r f a c e with an IR camera while the gyrotron i s i n operation has been developed. This technique is q u i t e u s e f u l i n analyzing window d e s i g n s a s w e l l a s guiding the t u b e t o s a f e o p e r a t i n g p a r a m e t e r s . The a b i l i t y t o observe small hot spots due t o t i n y metallic specks on t h e window s u r f a c e is a l s o o f g r e a t v a l u e i n q u a l i t y c o n t r o l and window f a i l u r e ------------ prevention. The g y r o t r o n s a v a i l a b l e for examin a t i o n a t V a r i a n i n c l u d e 28 GHz t o 60 GHz t u b e s a t 200 kW pulsed and CW. The output power of t h e s e tubes is i n t h e TE o2 mode through a window i n 2.5" diameter waveguide.
SYSTEM DESIGN
The technique uses an i n f r a r e d camera (AGA-780) with an i n d i u m antimonide detector (3-5 urn). The a i r s i d e of t h e window i s observed through a p a t t e r n ( g r i d ) o f t i n y h o l e s ( c u t o f f f o r 180 GHz) i n the output waveguide wall as illust r a t e d i n Figure 1 . The thermal emissivity of the alumina window, which i s a measure of the blackbody-like behavior at 3-5 urn, i s Ew = 0.95, so t h e IR measurement of t h e window i s very much l i k e a blackbody. This also implies that the measurement yields only the surface temgerature of t h e window, A test t o observe a 330 C object behind a sample window a t room temperature confirmed the validity of the measurement. Reflections from t h e window a r e n e g l i g i b l e due t o t h e h i g h e m i s s i v i t y . R e f l e c t i o n s o f t h e window from t h e i n t e r n a l waveguide walls occur at angles which appear external t o t h e window edge, and thus can be neglected.
To
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CH1973-7/83/0000-0277 $1.00 0 1983 IEEE IEDM 83 -277 minimize the problem of external waveguide wall r e f l e c t i o n s , t h e outside waveguide wall i s painted black. However, i n o r d e r t o r e d u c e t h e t h e r m a l emission of the painted waveguide wall, a cool waveguide i s r e q u i r e d : room temperature i s s u f f i c i e n t .
The system presently views only about half of t h e window surface. Rotation of the camera about t h e waveguide a x i s p e r m i t s a view of the entire window.
The IR camera scans the window a r e a and measures the photon flux.
T h i s f l u x , I a , i s a function of the window t e m p e r a t u r e a t e a c h p o i n t , t h e g r i d t r a n s m i t t a n c e , t and t h e g r i d r e f l e c t i o n r a l o n g t h e o p t i c a l p a t h . The o p e r a t i o n a l equation is:
Where I w , I
Iamb are the blackbody equivalent i n t e n s i t i e s o f t h e window, g r i d and ambient "background", respectively.
A determination of the grid transmission function i s achieved by c a l ibrating with a 'Tblackbodyft radiator of known t e m p e r a t u r e . C a l i b r a t i n g a t two d i f f e r e n t t e m p e ra t u r e s h e l p s t o e l i m i n a t e t h e r e f l e c t i o n term i n determining the transmission function.
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The temperature resolution of the system depends on t h e r e l a t i v e t e m p e r a t u r e d i f f e r e n c e between t h e waveguide and window as w e l l a s t h e g r i d t r a n s m i s s i o n c o e f f i c i e n t . F o r a waveguide a t room temperature, the temperature resolution near t h e c e n t e r o f theowindow i s about l 0 C f o r a window temperature of 70 C . I t improves a s t h e window t e m p e r a t u r e i n c r e a s e s .
S p a t i a l r e s o l u t i o n i s b e t t e r t h a n 2 mm and hot spots <1 mm a r e e a s i l y observed.
RESULTS

Measurements were f i r s t performed on 28 and 56
GHz CW gyrotrons. Temperature profiles show peaks n e a r t h e window c e n t e r ( s e e F i g u r e 2).
Peak temperature as a function of output power i s shown i n F i g u r e 3. A l i n e a r l e a s t s q u a r e s f i t a p p e a r s t o f i t q u i t e well. S i m i l a r r e s u l t s were obtained on o t h e r g y r o t r o n s a t d i f f e r e n t f r e q u e n c i e s .
A naive e x t r a p o l a t i o n o f t h e peak window t e m p e r a t u r e a t 200 k W output appears to b e well below t h e b o i l i n g p o i n t o f t h e FC-75 c o o l a n t ( -1 30°C a t 30 p s i ) . The v a r i a t i o n o f t h e peak window temperature for several operating parameters was checked. In p a r t i c u l a r , a t 56 CHz, t h e FC-75 window c o o l a n t f l o w r a t e was found t o b e a c r u c i a l p a r a m e t e r ( b u t n o t a t 28 CHz). Figure 4 shows t h e v a r i a t i o n o f t h e peak window t e m p e r a t u r e a s a f u n c t i o n o f t h e FC-75 f l o w r a t e f o r a number of output powers. The c o n s e r v a t i v e l y e x t r a p o l a t e d c u r v e a t 130 k W shows t h a t a t 4 CPM. the temperature of the window can exceed the FC-75 b o i l i n g p o i n t . T h i s was probably the cause of a previous window f a i l u r e on t h e X-5 60 GHz gyrotron. Cooling the FC-75 was a l s o found t o r e d u c e t h e peak window temperature. This would i n c r e a s e t h e s a f e t y m a r g i n a t 200 k W o p e r a t i o n f o r preventing boiling of the FC-75.
The X-6 60 GHz gyrotron was s a f e l y g u i d e d t o o p e r a t i o n a t 214 kW CW by monitoring t h e window temperature with the IR system. Due t o t h e w i d e r dynamic range i n t h e o p e r a t i o n a l p a r a m e t e r s p a c e and higher operating temperatures on t h e X6 than on previous gyrotrons, changes in the temperature p r o f i l e were e a s i l y d i s c e r n a b l e . F i g u r e 5 i l l u st r a t e s t h e r a n g e o f t h e peak window temperature ( f o r c o n s t a n t o u t p u t power) a s a function of the m a g n e t i c f i e l d . T h i s s u g g e s t s mode conversion i s occurring. The window temperature variation a p p e a r s t o b e due t o a change in the phase of the modes a t t h e window and n o t d u e t o a change i n mode content. Ghost modes i n t h e window might also c a u s e t h i s phenomenon. The concurrent use of mode samples will provide additional information on t h i s .
CONCLUSION
The I R monitoring method described above has proved t o be invaluable to the development of the 60 CHz, 200 k W CW gyrotron. I t i s p a r t i c u l a r l y u s e f u l i n e v a l u a t i n g window d e s i g n s and r e v e a l i n g t i n y m e t a l l i c s p e c k s t h a t may h a v e f a l l e n o n t o t h e window s u r f a c e . The technique i s presently being s i m p l i f i e d f o r use with both development and p r o d u c t i o n t e s t i n g , I n t e g r a t i o n i n t o a t e s t set i s planned for further gyrotron development work. 
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